Optical pumping and reversal of hole spin in InAs/GaAs quantum dots Appl. Phys. Lett. 100, 012104 (2012) Tunable singlet-triplet splitting in a few-electron Si/SiGe quantum dot Appl. Phys. Lett. 99, 233108 (2011) Thermally oxidized formation of new Ge dots over as-grown Ge dots in the Si capping layer J. Appl. Phys. 110, 114304 (2011) In-plane polarization anisotropy of ground state optical intensity in InAs/GaAs quantum dots J. Appl. Phys. 110, 094512 (2011) Electrical properties of individual self-assembled GeSi quantum rings J. Appl. Phys. 110, 094313 (2011) Additional information on J. Appl. Phys. This study explores the effects of the growth rate on InGaAs/ GaAs quantum dots ͑QDs͒ in producing ordered QD arrays. Surface morphological observations reveal that the dot density decreases as the growth rate increases and the QDs can be gradually self-ordered in the ͓110͔ direction. The threshold growth rate for one-dimensional self-ordered QD arrays is 0.054 m / h. This phenomenon is attributed to the preferential QD nucleation at the local strain maximum which is at the edge of the elongated step bunch. After the step bunches that elongated along ͓110͔ become the main feature on the wetting layer surface, the accumulated strain field on both step edges favors the nucleation of QDs. However, the concurrent decrease in QD size and the thinning of the wetting layer may be associated with the desorption of In and Ga adatoms and the lateral mass transport, respectively.
I. INTRODUCTION
The growth of low-dimensional quantum structures has attracted substantial attention recently owing to their applications in numerous optoelectronic devices. [1] [2] [3] Among the various fabrication techniques, the growth of defect-free quantum dots ͑QDs͒ by the self-assembling method is of particular interest because of its simplicity and integrity. In the Stranski-Krastanov growth mode, however, without additional epitaxial treatments, the QDs herein are naturally distributed at random, and are size dispersed even though they are grown at a very low density. 4 Uniform QD arrays must thus be precisely controlled for advanced applications. In fact, regularly distributed self-assembled QDs have been formed using various routes over the past two decades. Most of these methods have routinely pretreated their substrates and physically constrained the growth of QDs on the desired regions. For instance, a dielectric mask limits growth only on the exposed area of GaAs. 5 The hole, trench, or mesa pattern can periodically localize the strain field for QD nucleation. [6] [7] [8] [9] Accordingly, highly uniform and ordered QD arrays or chains can be fabricated over a long range ͑ϳ1 cm 2 ͒. 10 Nevertheless, the spatial resolution and the accuracy of lithographic processes strongly limit the defining of the QD arrays by patterning. Also, lithographic patterning always causes mechanical damage to the interfaces and causes defects, size fluctuations in the QD array, and pattern irregularities on the QD size scale. The use of the vicinal surface of the substrate or the high-index substrate can rule periodic QD chains, eliminating the damage induced by substrate patterning. 11, 12 These natural surface steps effectively localize the strain minima at the step edges and result in QDs aligned in a certain direction. This work aims to investigate the influences of growth rate on the spatial distribution, density, and size fluctuation of QDs, eventually achieving the ordering of QD arrays without any complicated processes.
II. EXPERIMENTAL
The QD samples investigated in this study were prepared by solid-source molecular beam epitaxy on 350 m n-type ͑100͒-oriented GaAs substrates. Four samples, A, B, C, and D, were fabricated at growth rates of 0.2, 0.14, 0.054, and 0.02 m / h, respectively. Table I presents the epitaxial growth procedure for the samples. Two In 0.5 Ga 0.5 As quantum dot layers were grown in each sample with ͑a͒ one quantum dot layer sandwiched between two additional 50 nm GaAs carrier confinement layers to measure microphotoluminescence ͑-PL͒ spectrum and ͑b͒ the other uncapped QD layer grown under the same conditions to observe the surface morphology. The nominal thickness was chosen to be equivalent to the critical thickness based on dynamic observations of the reflection high energy electron diffraction pattern. The GaAs layers and QD layers were deposited at 600 and 500°C, respectively. The growth temperature of the upper GaAs confinement layer was not increased until the underneath QDs were fully covered. After growth, the surface morphology of the as-grown samples was obtained using a tapping-mode NanoScope III atomic force microscope ͑AFM͒. Subsequently, the -PL spectra were scanned at low temperatures a͒ Author to whom correspondence should be addressed. Electronic mail: mcwu@ee.nthu.edu.tw. in a continuous-flow N 2 cryostat using a 532 nm green laser for excitation. Laser light was focused by an objective with a numerical aperture of 0.79, and the PL signals were collected by the same objective before being dispersed by a 0.32 m grating monochromator. Also, the lock-in technique was adopted to amplify the signals and to attenuate the background noise. Figure 1 shows the AFM images, which indicate the variation of QD formation with growth rate. The scan field is 1 ϫ 1 m 2 . Statistical analysis yields QD densities of samples A, B, C, and D to be 7.2ϫ 10 10 , 2.8ϫ 10 10 , 1.5 ϫ 10 10 , and 1.1ϫ 10 10 cm −2 , respectively. The decrease in dot density reveals saturation at 1 ϫ 10 10 cm −2 and the dot density is unlikely to be further reduced by reducing the growth rate. It is too dense to be utilized in single quantum dot related applications. The lens-shaped QDs initially exhibit an imperfectly developed aspect and gradually gather to become larger and higher. respectively. Notably, the lateral sizes of the QDs were underestimated because of the oversubtraction of the dot threshold base to ensure the accuracy of the calculation of the dot density. The decrease in the dot density and the broadening of the size distribution ͓Fig. 1͑f͔͒ with the decrease in growth rate correspond to the coarsening by Ostwald ripening, which is the redistribution of material as a morphological phase transition. 13 Since the Ostwald ripening is typically employed to describe the formation of QDs as more adatoms coalesce, the low growth rate provides a sufficiently long period for the growth of larger QDs. Threedimensional QDs are always believed to be unstable and that large quantum dots will be grown at the expense of evaporation or dissolution of small quantum dots. However, onedimensional ͑1D͒ QD arrays are arranged along the ͓110͔ direction in samples C and D, as shown in Figs. 1͑c͒ and 1͑d͒. This phenomenon is similar to the ordering of InAs QDs grown on a vicinal GaAs ͑001͒-oriented surface. 11, 14 However, the streaky terraces caused by vicinal surface growth differs significantly from the step bunches in Fig.  1͑d͒ . These step bunches range from 40 to 200 nm in width and are less than 1 m in length. They also have a typical height of less than 4 nm. The number of QDs on both edges of a bunch depends on the length of the elongated bunch. Figure 2͑a͒ shows an AFM image of sample D with a scanned size of 3 ϫ 3 m 2 for clarity. Most of the QDs ͑Ͼ90% ͒ are aligned along the edges of step bunches that are 
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Huang et al. J. Appl. Phys. 103, 044301 ͑2008͒ elongated in the ͓110͔ direction. Figure 2͑b͒ schematically presents QDs that are ordered along the edges of a step bunch. Regardless of the possibility of a miscut substrate, the step bunch is an indication of anisotropic adatom migration, which is the basis of kinetic instability models. 15, 16 According to the Stranski-Krastanov growth model, the strain is initially released by QD formation to minimize the elastic strain energy when the deposited thickness exceeds the critical thickness. However, the reduction of the growth rate enhances the difference between anisotropic cation ͑In and Ga adatoms͒ migration lengths: a greater migration length in the ͓110͔ direction causes most of the adatoms to coalesce in that direction, forming step bunches. This is the initial feature of the surface morphology of the underlying wetting layer ͑WL͒ before QD formation. Thereafter, the following adatoms migrate along and preferentially nucleate at step edges under the influence of the lateral strain field. 16, 17 Consequently, 1D aligned single dot arrays are distributed on the surface when the growth rate is less than 0.054 m / h. Figure 3 shows the 77 K -PL spectra of samples A, B, and D. All spectra exhibit the multipeak emissions and Gaussian curves are therefore used to fit the peaks. The multipeak transition is typically observed in larger QDs with low densities, except the case of luminescence from the WL. 17 The spectrum of sample A includes a peak at 870 nm with a full width at half maximum ͑FWHM͒ of 13 nm, which corresponds to luminescence from the wetting layer. The emission from QDs is at 923 nm with a larger FWHM of 37 nm. At the same excitation power, the spectrum of sample B reveals a multipeak transition from QD energy levels; the position and FWHM of the peaks from the ground and the first excited states are 930 and 58 nm and 914 and 33 nm, respectively. Moreover, the redshift in the emission from the WL is probably associated with a fluctuation in WL composition because of intermixing. Meanwhile, the reduction in peak spacing between emissions from the wetting layer and the ground state has the same cause. The spectrum of sample C also reveals the same behavior ͑not shown in Fig. 3͒ . However, in sample D, only the emission from QDs can be observed-and with a weak intensity. As discussed previously, the formation of step bunches at low growth rates is basically a result of the coalescing of cations. It is easily appreciated that the thickness of the WL should be decreased other than where bunches are formed. As a result, the PL signal from the WL is completely absent in sample D because of the thinning of the WL and the decrease in the carrier capturing efficiency. Furthermore, the non-Gaussian PL spectrum of sample D is caused not by the emission from excited states but by the non-Gaussian size distribution of QDs, as shown in Fig. 1͑h͒ . Presumably, the decrease of the PL intensity in sample D is explained by the In and Ga adatom desorption and the decrease in QD density. The evidence for this claim is the increase in the variation of quantum dot size, which is also responsible for the broadening of the PL spectrum. Another possible reason for the degradation of optical quality is the generation of dislocations within the step bunches since they can be supposed to coalesce in the form of very large islands. 18 In the ordered QD arrays grown at a low growth rate, an increase in the arsenic flux will increase the adatom sticking coefficient and reduce the desorption rate. Also, the growth temperature of the GaAs layer for QD capping should be lowered.
The cross-section images of samples with and without QD ordering, observed under a transmission electron microscope ͑TEM͒, were compared to verify our assumption of the thinning of the WL thickness. Figure 4 shows the crosssection TEM images of samples A and D. A spatially nonuniform strain distribution is observed as various color depths. The InGaAs WL is under compressive stress, which is shown as a thin dark line in the micrograph, whereas the coherent QD shows a variation of strain, which can be also seen in the micrographs. Right above the quantum dots, the cladding layer is subject to tensile stress and the corresponding strain is shown in the micrographs as darker regions both above and below the QD. 19, 20 Accordingly, QDs can be located and the thickness of the wetting layer can be measured from the black-to-white contrast profile. Both the InGaAs QDs and WL are observed in these two samples. The thicknesses of the WL for samples A and D are 15Ϯ 2 and 8 Ϯ 2 Å, respectively. As expected, the thinning of the WL may be caused by lateral mass transport and slowly increases as the growth rate decreases. The ordering of QDs is such that the desorption of In and Ga adatoms significantly degrades the film, as revealed by the -PL measurements, limiting the practical applications of ordered QDs.
IV. CONCLUSIONS
In summary, InGaAs/ GaAs QDs were deposited and variations in the surface morphology and optical characteristics were demonstrated at different growth rates of QDs. AFM observations indicate that quantum dot density can be decreased to an ultimate value of 1 ϫ 10 10 cm −2 as the growth rate decreases. Also observed is the ordering of QDs by the enhancement of anisotropic adatom migration. After the step bunches elongated in the ͓110͔ direction become the main feature on the wetting layer surface, the accumulated strain field on both step edges favors the nucleation of QDs. However, the concurrent decrease in QD size and the thinning of the WL may be associated with the desorption of In and Ga adatoms and lateral mass transport, respectively. Meanwhile, the insufficient optical quality of ordered QDs may limit their practical applications.
